A novel structure that converts wasted backward amplif ied spontaneous emission (ASE) to seed photons for the amplif ier stage is suggested for a high-power erbium-doped f iber (EDF) broadband source. A considerable increase in output power and bandwidth extension was achieved by placement of a segment of passive EDF in front of the amplif ier stage, thus recycling backward ASE as the secondary pumping source for the passive EDF seed photon generator. Experimental results showed a dramatic increase in output ASE power of more than 10 dB for most radiation bands from 1540 to 1620 nm with the simple addition of an unpumped EDF segment to the ordinary f luorescence-source structure.
Broadband optical sources have been a topic of continuing research because of their wide range of applications, from gyro sensors and component testing sources to sliced spectrum sources for lower-cost access networks. 1, 2 In particular, f luorescent sources using amplified spontaneous emission (ASE) from an erbiumdoped fiber (EDF) have been considered to be one of the optimum candidates of choice, owing to their broad spectral range, high output power, and low splicing loss. 3 Still, research on the EDF broadband source has been restricted mostly to the wavelength range 1520-1560 nm, where most optical communication devices and conventional erbium-doped fiber amplif iers operate. 4 However, the recent demand for immediate expansion of the fiber-optic communication window has led to the development of long-wavelength-band (1570-1610-nm) amplifiers, 5, 6 which in turn call for the development of efficient-pumping high-power broadband sources operating at this longer and wider wavelength range.
In this Letter we suggest for what we believe to be the first time a novel EDF f luorescent source structure that enables one to obtain increased output power and enhanced pump efficiency by reuse of wasted backward ASE as the secondary pump source for a passive section of EDF. Experimental results show a dramatic increase in output ASE power over 10 dB in the wavelength range 1540-1620 nm with the unpumped EDF in place. In addition, we also experimentally verify the secondary pumping effect of backward ASE in the unpumped EDF section. Figure 1 shows the experimental arrangements of broadband EDF sources used to demonstrate our concept. Figure 1(a) is a conventional forward-pumped EDF source, and Fig. 1(b) illustrates the suggested erbium-f iber f luorescence source with an unpumped section of EDF. A broadband source with backward pumping was not considered here because it generates spontaneous emission mostly at the conventional shortwavelength range. The total lengths of the EDF's used in different conf igurations were identical, except for the location of a segment of fiber (EDF II) relative to the injection point of the pump. The most relevant difference between those two structures is that pump light does not pass EDF II for the suggested structure in Fig. 1(b) , because of its location before the pump laser diode. For the purpose of objective comparison all configurations were constructed with identical components, including the same EDF I and EDF II. The EDF used in the experiment was commercially available Al-codoped silica fiber with a peak absorption coeff icient of 4.5 dB͞m at the wavelength 1530 nm. The length of EDF I was fixed at 135 m, and the pump power of the 980-nm laser diodes was set at 60 mW in all cases. To avoid detrimental lasing effects we applied angle cleaving to the input fiber end, in addition to the output isolator. We used different lengths of EDF (0, 5, 35, 75, 110, and 200 m) in section II to study the f luorescence-power dependency on the unpumped section length. Figure 2 shows the ASE output spectra of a conventional forward-pumped broadband fiber source and one with an unpumped EDF region for various lengths of EDF II. For a conventional foward-pumped case the power level and the radiation bandwidth of the output ASE decreased drastically with the length of EDF II, as illustrated in Fig. 2(a) . In contrast, both a dramatic power level increase and slight radiation band expansion were observed in the fiber source with an unpumped EDF section, depending on its length, as shown in Fig. 2(b) . We attribute this output-power enhancement to the reuse of wasted backward ASE propagating in the direction opposite the pump light as a 1550-nm band pumping source 7 for the unpumped EDF, generating photons in the 1600-nm band and seeding the following amplifier stage. More than 10-dB total output-power increase was observed with 200 m of umpumped EDF, achieving a total of 6.7 mW, compared with that of a conventional structure without an unpumped EDF [a total of 0.61 mW, corresponding to the 0-m EDF II in Fig. 2(b) ]. To find the optimum length for the unpumped section we also tried 235-and 270-m EDF's, but we did not notice a significant increase in output power. We conclude that the effective length of an unpumped EDF is ϳ200 m for this case, but we also note that this value could vary depending on design parameters such as pump wavelength, pump power, and the length of the pumped EDF (EDF I).
To confirm the existence of a backward ASE strong enough for such large output-power enhancement we measured the backward ASE spectrum with a test setup in which a circulator was used, as illustrated in Fig. 3. Figure 4(a) shows the backward ASE spectrum from a pumped EDF region (EDF I) measured at point A with a 0.2-nm resolution bandwidth. The bandwidth for more than 230 dBm of optical power was found to be ϳ60 nm, ranging from 1520 to 1580 nm. The integrated total output power of the backward ASE after normalization of 1-dB insertion loss from the circulator was 19.9 mW, which was at an approximately 33.2% level of the total 980-nm pump power. 8 After this backward ASE power was fed into a 200-m-long EDF II, a forward ASE spectrum was also measured at point B. As shown in Fig. 4(b) , ample photons were generated in the wavelength range 1525-1630 nm as seed photons for amplification in the forward-pumped EDF region. From these results it is clear that very efficient use of pump power is possible by placement of an unpumped EDF before a pump laser diode to act as a seed photon generator for the following amplifier stage.
To summarize, we have investigated a novel structure for a high-power broadband erbium-doped fiber source operating in the wavelength range 1540-1620 nm. A much higher output-power operation for a broadband fiber source was possible by conversion of useless backward ASE to seed photons for the forward amplifying stage in the unpumped EDF section. The experimental results showed a considerable increase in the output ASE power of more than 10 dB over all radiation bands. Performance improvement for a broadband fiber source is also expected in other pump wavelength choices by use of the same approaches. One could also reuse lower-band backward ASE as a secondary pumping source to enhance the pump conversion eff iciency of 1.58-mm band EDFA's.
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